Interleukin 33 (IL-33) is a cytokine constitutively expressed by various cells of barrier tissues that contribute to the development of inflammatory immune responses. According to its function as an alarmin secreted by lung and airway epithelium, IL-33 plays a significant role in pathogenesis of allergic disorders. IL-33 is strongly involved in the pathogenesis of asthma, anaphylaxis, allergy and dermatitis, and genetic variations in IL33 locus are associated with increased susceptibility to asthma. Genome-wide association studies have identified risk "T" allele of the single-nucleotide polymorphism rs4742170 located in putative IL33 enhancer area as susceptible variant for development of specific wheezing phenotype in early childhood. Here, we demonstrate that risk "T" rs4742170 allele disrupts binding of glucocorticoid receptor (GR) transcription factor to IL33 putative enhancer. The IL33 promoter/enhancer constructs containing either 4742170 (T) allele or point mutations in the GR-binding site, were significantly more active and did not respond to cortisol in a pulmonary epithelial cell line. At the same time, the constructs containing rs4742170 (C) allele with a functional GR-binding site were less active and further inhibitable by cortisol. The latter effect was GR-dependent as it was completely abolished by GR-specific siRNA. This mechanism may explain the negative effect of the rs4742170 (T) risk allele on the development of wheezing phenotype that strongly correlates with allergic sensitization in childhood.
Introduction
IL-33 belongs to the family of IL-1 cytokines and is mainly expressed by a wide range of non-hematopoietic cells, such as epithelial cells, endothelial cells, myofibroblasts and fibroblast-like cells during homeostasis and in inflammatory conditions [1] [2] [3] . It also functions as a tissue-derived environmental alarmin that is released in response to infectious agents, allergens or injury [4] . Secreted IL-33 binds to heterodimer receptor complex consisting of interleukin 1 receptor accessory proteins (IL-1RAcP) and interleukin 1 receptor-like 1 (IL1RL1) protein expressed on the surface of various immune cells [1, 5] . IL-33 targets many cell types that participate in allergic inflammation, including type 2 helper T cells, eosinophils, basophils, alternatively activated macrophages, dendritic cells, mast cells and type-2 innate lymphoid cells (ILC2) [4, 6, 7] . Via binding to receptor, IL-33 mediates cell activation, direct migration and increased production of classic Th2 cytokines, such as IL-4, IL-5 and IL-13 [8, 9] . Recent data indicate that ILC2 cells producing large amounts of these cytokines in response to IL-33 play a prominent role in driving the systemic type-2 immune response and in the development of various allergic diseases [4, 6, 7, 10] .
Thus, IL-33 is involved in regulation of type 2 inflammation that is known to be the dominant mechanism in asthma [11] . Numerous studies have shown that local administration or lung specific transgenic expression of IL-33 is sufficient to provoke various asthma-associated symptoms, including inflammatory cellular infiltration, airway hyperresponsiveness and remodeling, collagen disposition, airway smooth muscle hypertrophy, goblet cell hyperplasia, increased pulmonary vascularity and tissue damping [12] [13] [14] . Elevated IL33 mRNA expression has been detected in airway epithelium [15] and in cells derived from the sputum of asthmatic patients [16] , whereas increased IL-33 protein was also observed in bronchoalveolar lavage fluid (BALF) [15, 17] , serum specimens [16] , primary lung mast cells, airway smooth muscle and bronchial epithelium [18] . It is worth noting that in most cases IL-33 levels demonstrate a correlation with the exacerbation of asthma symptoms.
Interestingly, multiple genetic studies demonstrated the association of numerous single nucleotide polymorphisms (SNPs) in the IL33 locus with asthma susceptibility [19] [20] [21] [22] and even with formation of certain phenotypes of respiratory diseases [20] . In particular, "T" allele of the polymorphism rs4742170 located in the second intron of IL33 gene was linked to specific wheezing phenotype (intermediate-onset wheeze) [23] . According to results by Savenije et al., this wheezing phenotype is closely associated with allergic sensitization in childhood and presumably could affect subsequent asthma development [23] .
Based on the above data, we hypothesized that rs4742170 "T" allele could affect IL33 transcription leading to elevated expression of IL33 gene. Experimental confirmation of rs4742170 functional significance for the IL33 transcriptional regulation would improve the understanding of IL-33 biology in the context of allergy. In this paper, we show that the presence of rs4742170 "T" allele in a putative IL33 enhancer correlates with increased activity of the IL33 promoter due to destruction of the overlapping GR-binding site. Our results suggest an explanation for association of rs4742170 with the development of specific wheezing phenotype in children.
Results

A Putative Enhancer Including rs4742170 Stimulates IL33 Promoter Activity
Single-nucleotide polymorphism rs4742170 is located in the second intron of the human IL33 gene, more than 27 kb from the distal IL33 promoter characterized in our previous work [24] and +27244 bp from the TSS. Based on the available epigenetic data [25] , the 5 part of intron 2 of the IL33 gene containing rs4742170 has a number of features typical for regulatory elements (Supplementary Figure S1) . For functional evaluation, we designated the region from +26297 to +28033 bp from TSS a putative enhancer and cloned it into a luciferase reporter vector ( Figure 1A) . We supplemented the luciferase reporter vector already containing the IL33 promoter [24] with different variants of a downstream enhancer: an irrelevant control fragment without enhancer properties; enhancer with protective (C) allele of rs4742170; and enhancer with risk (T) allele of rs4742170. The activities of these constructs were compared in NCIH-196 human lung carcinoma cell line [24] . Both versions of the putative enhancer strongly increased the IL33 promoter activity in this reporter system, with an additional significant effect of the risk rs4742170 (T) allele ( Figure 1B) . 
The rs4742170 (T) Allele in IL33 Enhancer Disrupts GR-Binding Site
In order to see what specific transcription factor binding sites (TFBS) in the IL33 enhancer may be affected by the rs4742170 polymorphism, we applied PERFECTOS-APE software [26] with TFBS models from the HOCOMOCO v11 collection. The resulting list of candidate transcription factors with the best scores included basic helix-loop-helix proteins OLIG2 and LYL1, nuclear receptors for androgen (AR) and glucocorticoids (GR) and an HMG-box protein SOX10. Interestingly, binding of all these factors was predicted to be strongly reduced in the presence of the rs4742170 (T) allele. To the best of our knowledge, none of these factors except GR has been reported to be involved in asthma pathogenesis. In particular, OLIG2 has been shown to play a key role in oligodendrocyte differentiation [27, 28] ; LYL1 is known in relation to T cell leukaemogenesis [29] and hematopoiesis [30] ; AR participates in sexual differentiation [31] and is central to the development and treatment of prostate cancer [32] ; SOX10 has been implicated in the regulation of embryonic development [33] and in proliferation and survival of hematopoietic stem cells and hematopoietic tumors [34, 35] . As for the GR, it is well known to regulate many steroid-responsive genes participating in stress response and inflammation [36] via its association with glucocorticoid response elements [37] . High levels of cytosolic GR are constitutively expressed by lung epithelium [38] , GR activity, and nuclear translocation is triggered by binding to cortisol [39] . Glucocorticoids are widely used for the treatment of asthma and allergic disorders [40] , contributing to suppression of airway hyperresponsiveness, reduction of airway edema and infiltration of inflammatory cells from the blood to the airways [41] . Apparently, their therapeutic effects are mostly mediated by the ability to inhibit the expression of inflammatory genes through various DNA-binding mechanisms [42] [43] [44] [45] . However, available data on the specific GR-DNA interactions in the GR target genes are rather limited and poorly defined [44, 46, 47] . We hypothesized that risk rs4742170 (T) allele could interfere with such an interaction in human IL33 locus.
Treatment with cortisol for 24 h did not affect the level of GR mRNA in NCIH-196 cells ( Figure  2A ) while GR phosphorylation that is required for the translocation of activated GR-steroid complex into the nucleus [48] was significantly induced ( Figure 2B ). Administration of specific siRNA led to a significant decrease in both GR mRNA and phosphorylated GR (p-GR), regardless of experimental conditions (Figure 2A ,B). 
In order to see what specific transcription factor binding sites (TFBS) in the IL33 enhancer may be affected by the rs4742170 polymorphism, we applied PERFECTOS-APE software [26] with TFBS models from the HOCOMOCO v11 collection. The resulting list of candidate transcription factors with the best scores included basic helix-loop-helix proteins OLIG2 and LYL1, nuclear receptors for androgen (AR) and glucocorticoids (GR) and an HMG-box protein SOX10. Interestingly, binding of all these factors was predicted to be strongly reduced in the presence of the rs4742170 (T) allele. To the best of our knowledge, none of these factors except GR has been reported to be involved in asthma pathogenesis. In particular, OLIG2 has been shown to play a key role in oligodendrocyte differentiation [27, 28] ; LYL1 is known in relation to T cell leukaemogenesis [29] and hematopoiesis [30] ; AR participates in sexual differentiation [31] and is central to the development and treatment of prostate cancer [32] ; SOX10 has been implicated in the regulation of embryonic development [33] and in proliferation and survival of hematopoietic stem cells and hematopoietic tumors [34, 35] . As for the GR, it is well known to regulate many steroid-responsive genes participating in stress response and inflammation [36] via its association with glucocorticoid response elements [37] . High levels of cytosolic GR are constitutively expressed by lung epithelium [38] , GR activity, and nuclear translocation is triggered by binding to cortisol [39] . Glucocorticoids are widely used for the treatment of asthma and allergic disorders [40] , contributing to suppression of airway hyper-responsiveness, reduction of airway edema and infiltration of inflammatory cells from the blood to the airways [41] . Apparently, their therapeutic effects are mostly mediated by the ability to inhibit the expression of inflammatory genes through various DNA-binding mechanisms [42] [43] [44] [45] . However, available data on the specific GR-DNA interactions in the GR target genes are rather limited and poorly defined [44, 46, 47] . We hypothesized that risk rs4742170 (T) allele could interfere with such an interaction in human IL33 locus.
Treatment with cortisol for 24 h did not affect the level of GR mRNA in NCIH-196 cells (Figure 2A ) while GR phosphorylation that is required for the translocation of activated GR-steroid complex into the nucleus [48] was significantly induced ( Figure 2B ). Administration of specific siRNA led to a significant decrease in both GR mRNA and phosphorylated GR (p-GR), regardless of experimental conditions (Figure 2A,B) . but resulted in elevated levels of phosphorylated GR protein (B). "siRNA" and "scrambled" indicate transfection with specific siRNA or control scrambled siRNA, respectively. Real-time PCR data was obtained using the ΔΔCt approach, normalized to β-actin and represented as Mean ± SEM (five independent experiments). * p < 0.01. Western blot data is a representative image of three replicate experiments.
In order to evaluate the influence of rs4742170 alleles on GR binding to IL33 enhancer, we performed a pull-down assay using nuclear extracts from NCIH-196 cells pre-treated with cortisol to stimulate GR nuclear translocation. We amplified four variants of a 200 bp IL33 enhancer fragment flanking the rs4742170 (+27776 to +27976 from TSS) containing combinations of the rs4742170 alleles with either intact or GR TFBS ( Figure 3A) . The probe containing the rs4742170 (C) allele demonstrated high levels of precipitation with anti-GR antibodies, whereas the presence of either the risk "T" allele or the GR-site point mutations was associated with much lower levels of precipitation comparable to background signal observed with control probe ( Figure 3B) . Thus, the rs4742170 (T) allele actually creates a critical mutation of the functional GR TFBS in the IL33 enhancer. In order to evaluate the influence of rs4742170 alleles on GR binding to IL33 enhancer, we performed a pull-down assay using nuclear extracts from NCIH-196 cells pre-treated with cortisol to stimulate GR nuclear translocation. We amplified four variants of a 200 bp IL33 enhancer fragment flanking the rs4742170 (+27776 to +27976 from TSS) containing combinations of the rs4742170 alleles with either intact or GR TFBS ( Figure 3A) . The probe containing the rs4742170 (C) allele demonstrated high levels of precipitation with anti-GR antibodies, whereas the presence of either the risk "T" allele or the GR-site point mutations was associated with much lower levels of precipitation comparable to background signal observed with control probe ( Figure 3B) . Thus, the rs4742170 (T) allele actually creates a critical mutation of the functional GR TFBS in the IL33 enhancer. but resulted in elevated levels of phosphorylated GR protein (B). "siRNA" and "scrambled" indicate transfection with specific siRNA or control scrambled siRNA, respectively. Real-time PCR data was obtained using the ΔΔCt approach, normalized to β-actin and represented as Mean ± SEM (five independent experiments). * p < 0.01. Western blot data is a representative image of three replicate experiments.
GR Activation is Associated with a Decrease in IL33 Promoter Activity
In order to evaluate the influence of rs4742170 alleles on GR binding to IL33 enhancer, we performed a pull-down assay using nuclear extracts from NCIH-196 cells pre-treated with cortisol to stimulate GR nuclear translocation. We amplified four variants of a 200 bp IL33 enhancer fragment flanking the rs4742170 (+27776 to +27976 from TSS) containing combinations of the rs4742170 alleles with either intact or GR TFBS ( Figure 3A) . The probe containing the rs4742170 (C) allele demonstrated high levels of precipitation with anti-GR antibodies, whereas the presence of either the risk "T" allele or the GR-site point mutations was associated with much lower levels of precipitation comparable to background signal observed with control probe ( Figure 3B) . Thus, the rs4742170 (T) allele actually creates a critical mutation of the functional GR TFBS in the IL33 enhancer. 
In order to identify the role of GR in regulation of the IL33 promoter activity, we used reporter vectors containing the IL33 promoter and an enhancer bearing one of the rs4742170 versions tested in the DNA binding experiments. We performed luciferase reporter assays under normal conditions, in the context of cortisol-induced stimulation or upon siRNA-mediated GR suppression. Cortisol-mediated GR induction affected the IL33 promoter activity only in the presence of the enhancer element carrying the functional GR-binding site (Figure 4) . The risk 4742170 (T) allele in IL33 enhancer, as well as point mutations of the GR-binding site, increased the basal activity of the reporter constructs and made them completely unresponsive to cortisol. At the same time, the activity of the IL33 promoter construct containing the common rs4742170 (C) allele with functional GR-binding site was lower and went further down upon cortisol treatment. The effect of the cortisol-induced GR stimulation with subsequent suppression of IL33 promoter activity was abolished by the addition of GR-specific siRNA. These results suggest the negative role of the risk rs4742170 (T) allele in asthma may be mechanistically related to the increased IL33 promoter activity, due to reduced binding of the GR transcription factor. In order to identify the role of GR in regulation of the IL33 promoter activity, we used reporter vectors containing the IL33 promoter and an enhancer bearing one of the rs4742170 versions tested in the DNA binding experiments. We performed luciferase reporter assays under normal conditions, in the context of cortisol-induced stimulation or upon siRNA-mediated GR suppression. Cortisolmediated GR induction affected the IL33 promoter activity only in the presence of the enhancer element carrying the functional GR-binding site (Figure 4) . The risk 4742170 (T) allele in IL33 enhancer, as well as point mutations of the GR-binding site, increased the basal activity of the reporter constructs and made them completely unresponsive to cortisol. At the same time, the activity of the IL33 promoter construct containing the common rs4742170 (C) allele with functional GR-binding site was lower and went further down upon cortisol treatment. The effect of the cortisol-induced GR stimulation with subsequent suppression of IL33 promoter activity was abolished by the addition of GR-specific siRNA. These results suggest the negative role of the risk rs4742170 (T) allele in asthma may be mechanistically related to the increased IL33 promoter activity, due to reduced binding of the GR transcription factor. Cortisol (50 ng/mL) treatment was performed 24 h before and during electroporation to stimulate GR activity. GR-specific siRNA was added 24 h prior to electroporation for GR knockdown. The data shown (mean ± SEM) was obtained in five independent experiments and normalized to Renilla luciferase activity. * p < 0.01.
Discussion
As already noted above, effective application of glucocorticoid hormones to the treatment of chronic respiratory diseases is mainly attributed to the ability of the GR transcription factor to reduce expression of proinflammatory genes [40] . The list of inflammatory mediators that can be suppressed by glucocorticoids includes IL-5, IL-13, TNF, IL-6, TSLP, and others [49] . IL-33 is an attractive candidate for this list since its elevated expression in lung bronchial epithelium is thought to be crucial for the stabilization of inflammatory conditions and exacerbation of airway hyperresponsiveness and airway remodeling [50] [51] [52] . The latter involves pathological structural changes such as neoangiogenesis and increased reticular basement membrane thickness that may provoke an irreversible decrease in the airway lumen (and, consequently, in airflow) that often accompanies Cortisol (50 ng/mL) treatment was performed 24 h before and during electroporation to stimulate GR activity. GR-specific siRNA was added 24 h prior to electroporation for GR knockdown. The data shown (mean ± SEM) was obtained in five independent experiments and normalized to Renilla luciferase activity. * p < 0.01.
As already noted above, effective application of glucocorticoid hormones to the treatment of chronic respiratory diseases is mainly attributed to the ability of the GR transcription factor to reduce expression of proinflammatory genes [40] . The list of inflammatory mediators that can be suppressed by glucocorticoids includes IL-5, IL-13, TNF, IL-6, TSLP, and others [49] . IL-33 is an attractive candidate for this list since its elevated expression in lung bronchial epithelium is thought to be crucial for the stabilization of inflammatory conditions and exacerbation of airway hyper-responsiveness and airway remodeling [50] [51] [52] . The latter involves pathological structural changes such as neoangiogenesis and increased reticular basement membrane thickness that may provoke an irreversible decrease in the airway lumen (and, consequently, in airflow) that often accompanies respiratory disease [51, 52] . Nevertheless, the data on the influence of glucocorticoid hormones on IL-33 expression have been controversial, as in some cases IL-33 production was decreased by glucocorticoids [53] while other studies indicated its insensitivity to these hormones [50, 51] .
In our previous study [24] we revealed a possible molecular mechanism underlying the association between SNP rs928413 in the IL33 promoter and elevated risk of asthma progression. We demonstrated that risk "G" rs928413 allele creates a CREB1 binding site that is sufficiently strong to provide a significant boost in IL33 transcriptional activation in lung carcinoma cells. In the present study, we evaluated the functional significance of another SNP, rs4742170, associated with the development of another airway pathology, a specific wheezing phenotype. Of all known SNPs associated with asthma and allergic disease, rs4742170 is the only one to be located in a putative regulatory area of the IL33 gene that is associated with binding of transcription factors relevant to the progression of airway pathologies. In particular, our analysis demonstrated that rs4742170 variation interferes with the binding of GR. Since the genomic region spanning the rs4742170 demonstrates a significant enhancer effect on the IL33 promoter in a reporter gene assay, it may represent a mechanistic link of the rs4742170 polymorphism to intermediate-onset wheezing phenotype in early childhood. Enhanced secretion of IL-33 by respiratory epithelium could promote the smooth muscle contraction of the airway, airway hyper-responsiveness, and the aggravation of inflammatory response during allergic sensitization in childhood and presumably might affect subsequent asthma development. Such a mechanism would corroborate the established critical role of epithelium in the pathogenesis of allergic disorders [54, 55] . Obviously, our experimental strategy has a number of methodological limitations that could influence the clinical relevance of the conclusions: the model system is a cultured cell line rather than live epithelium, regulatory elements of the IL33 gene in the luciferase reporter vector are isolated from the genomic context and the TF binding is assessed by an in vitro test. On the other hand, these approaches make the model system more defined, simplify the interpretation of the results, and are widely used to study the regulation of human genes [56] [57] [58] .
Interestingly, the rs4742170 "T" allele is abundant in various human populations, with an average frequency of 53.7% [59] . Thus, the molecular mechanism described in this study may contribute to excessive pathology in a variety of conditions amendable by glucocorticoid therapy. Therefore, correlations between IL33 expression, rs4742170 allele variants, GR activity and clinical outcome would be an interesting parameter to monitor in clinical studies involving cortisol treatment.
Materials and Methods
Cell Lines
NCIH-196 human lung carcinoma cell line was received from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum. For activation, cortisol (50 ng/mL) was added to cell culture for 24h.
Ethical Approval
Scientific Council of Engelhardt Institute of Molecular Biology reported that no ethical approval is required for experiments performed in this study, because only commercially available cell lines were used.
Luciferase Reporter Constructs
Human IL33 promoter reporter construct has been described [24] . IL33 enhancer area, +26297 to +28033 from transcription start site (TSS), was amplified by PCR using genomic DNA of NCIH-196 cells and specific primers with BamHI/SalI restriction sites. IL33 enhancer variants containing the rs4742170 (T) allele and mutations of the GR-binding site were amplified by overlapping PCR (see Supplementary Table S1 for sequences of all oligonucleotide primers). All IL33 enhancer variants were cloned into BamHI/SalI sites of the IL33 promoter reporter construct [24] based on pGL3-basic vector (Promega, Madison, WI, USA) and verified by Sanger sequencing. In order to equalize the overall plasmid size, the control IL33 promoter reporter construct contained an irrelevant fragment of similar length from human CXCR5 locus [60] . NCIH-196 cells transfection and measurement of the luciferase activity was performed as described [24] .
Pull-Down Assay
We amplified 200-bp fragments of IL33 enhancer region (+27776/+27976 bp from TSS) containing "C" or "T" rs4742170 allele with or without mutations in the GR-binding site using luciferase reporter constructs as templates. Our previously described control DNA fragment [24] did not contain any predictable GR-binding sites and was therefore used as a negative control here as well (see Supplementary Table S1 for PCR primers). NCIH-196 cells were pre-treated with cortisol prior to nuclear extraction to stimulate the translocation of the hormone-GR complex. Preparation of nuclear extracts, immunoprecipitation of DNA-protein complexes and quantification of bound DNA by real time PCR were described earlier [61] . We used rabbit polyclonal anti-GR antibodies (ab55189, Abcam, Cambridge, UK) to precipitate GR-DNA complexes. The background subtraction and data normalization was carried out using control binding reactions including rabbit IgG isotype control antiserum as described [24] .
GR Knockdown Using siRNA
Transfection of NCIH-196 cells with GR-specific siRNA, RNA isolation, reverse transcription and measurement of GR mRNA level by RT-PCR were performed as described [62] . We used two published pairs of siRNAs targeting GR [63] , one of which mediated a significant decrease in GR mRNA expression level in NCIH-196 cells and was chosen for the experiments. The sequences of siRNAs and GR-specific primers are indicated in Supplementary Table S1.
Western Blot Analysis
Standard protocols of protein sample collection, electrophoresis and transfer to nitrocellulose membrane were followed [24] using membrane pre-blocking with 5% non-fat dry milk, anti-GR antibodies at 1:2000 dilution, HRP-conjugated secondary anti-rabbit antibodies at 1:30,000 dilution and anti-β-actin antibodies (ab8229, Abcam, Cambridge, UK) as a loading control at 1:3000 dilution.
Statistical Analysis
We used Microsoft Excel for statistical analyses. Statistical significance was determined using two-tailed unpaired Student's t-test. Data were represented as mean ± SEM.
